2013; Voesenek and Bailey-Serres, 2015) . The AP2/ERF (apetala2/ethylene response factor) 63 transcription factor family of Arabidopsis thaliana has 147 members that can be subdivided 64 into ten groups (Nakano et al., 2006) . Members of group VII (short ERFVIIs) were identified 65 as key regulators of low oxygen responses in Arabidopsis (Bailey-Serres et al., 2012; van 66 Dongen and Licausi, 2015) . ERFVII proteins are characterized by a conserved motif at the 67 amino terminus that initiates protein degradation at normoxic conditions via the N-end rule 68 pathway (Gibbs et al., 2011; Licausi et al., 2011) . At reduced oxygen levels, ERFVIIs are 69 stabilized and engage in transcriptional regulation of hypoxia-responsive genes (Mustroph et 70 al., 2009; . A significant number of hypoxia-regulated genes in plants encode for 71 enzymes of anaerobic metabolism such as alcohol dehydrogenase and lactate 72 dehydrogenase. Fermentation and other metabolic adjustments ensure energy supply 73 required to maintain cellular integrity in times when mitochondrial respiration is impaired. 74 Plants however not only maintain basic cellular functions at low oxygen conditions, they also 75 invest resources to support developmental reprogramming. These are often but not always 76 driven by ethylene that accumulates in flooded tissue (Sauter, 2013; Loreti et al., 2016) . 77 In this study, we investigated developmental adaptation of the root system to 78 hypoxia. Root architecture is determined by the rates of adventitious and lateral root 79 formation, by primary and lateral root growth rates and by the angles at which roots grow. 80 Some plants, such as Oryza sativa and Solanum dulcamara, that are adapted to frequent 81 flooding grow adventitious roots when submerged to replace soil-borne roots that become 82 dysfunctional (Sauter, 2013; Dawood et al., 2014) . However, not all plants are programmed 83 to readily form adventitious roots upon flooding. We therefore hypothesized that such 84 plants may adapt their root system to low oxygen conditions by alternative strategies. We 85 employed Arabidopsis as a model plant to study developmental adaptation of roots to 86 hypoxia and to investigate the role of ERFVIIs in root adaptation. Our studies revealed that 4 4 ERFVII-dependent and ERFVII-independent hypoxia signaling control root structure by 88 altering auxin activity. 89 Auxin determines root architecture by regulating growth rate, lateral root formation 90 and root growth direction. Auxin is a unique plant hormone in that its transport occurs in a 91 polar manner thereby providing a mechanism to actively generate auxin gradients. acetic acid (IAA), the main natural auxin in plants, is transported from cell to cell. IAA is 93 protonated in the acidic apoplast and deprotonated in the weakly basic cytosol. Uptake of 94 the uncharged molecule occurs by AUX1/LAX (auxin1/like AUX1) uptake carriers (Péret et al., 95 2012) in an undirected way. Extrusion of negatively charged IAA occurs via undirected ABCB 96 transporter-mediated efflux (Noh et al., 2001; Geisler et al., 2005) and by PIN (pin-formed) 97 proteins that are responsible for directed auxin movement (Friml et al., 2003; Blilou et al., 98 2005). The Arabidopsis genome codes for 8 PIN proteins (Friml et al., 2003) . Three of these, toward the base in the lateral root cap and epidermis (Blilou et al., 2005) . Tropic responses 108 such as root gravitropism result from asymmetric auxin distribution across the root that can 109 be established when movement of auxin to the elongation zone is higher on one side than 110 the other. While AUX1/LAX transporters determine auxin levels, directional auxin transport 111 is driven by PIN proteins (Band et al., 2014). 112 In this study, we describe a change in root growth direction in response to hypoxia.
113
Our analyses showed that root slanting is subject to regulation by ERFVIIs and functionally 114 linked to polar auxin transport revealing a role for auxin in hypoxia adaptation. To gain insight into the role of the oxygen sensing subgroup VII AP2/ERFs (abbreviated 125 ERFVIIs) in regulating root development we employed promoter:β-glucuronidase 126 (promoter:GUS) lines to study expression of HRE2 in roots at normoxic and hypoxic 127 conditions ( Fig. 1A-E) . No activity was observed in roots of HRE2:GUS5 seedlings at normoxic 128 conditions (Fig. 1A) . After exposure to 2% oxygen for 1 d GUS staining was observed close to To study root development during hypoxia we used seedlings grown for six days at long-day 139 conditions on plates placed at a near-vertical angle and transferred them to the dark for 140 three days to avoid photosynthetic oxygen evolution either at normoxic (21% O 2 ) or hypoxic 141 (2% O 2 ) conditions ( Fig. 2A) . Exposure of wild type seedlings to 2% O 2 caused slanting of the 142 primary root (Fig. 2B) . The primary root of seedlings kept at normoxic conditions grew 143 downward with an average deviation of about 14° from the vertical (Fig. 2C) reporter line to study auxin activity at the root tip (Fig. 5) . The DII-VENUS protein is degraded To further test for a role of auxin in hypoxia-induced root slanting we preincubated 5-day-197 old wild-type, hre2-1 and HRE2ox1 seedlings (Supplemental Figure S4 ) with the auxin analog 198 α-NAA or with the auxin transport inhibitor NPA (Geisler et al., 2005; Nishimura et al., 2012; 199 Zhu et al., 2016) for 1 d followed by hypoxic treatment for another two days or by normoxic 200 conditions as a control in the presence of auxin or NPA (Fig. 6A) . In the presence of 20 nM α-
201
NAA wild-type roots showed significantly increased bending even at normoxic conditions 202 with an average growth angle of 17.2° compared to 9.1° in the control (Fig. 6B, C) . In Auxin distribution is an active process that is driven by auxin transporters. Since we 229 observed local changes in auxin activity at hypoxic conditions and since NPA mimicked the 230 auxin distribution at the root tip that was observed upon hypoxia we hypothesized that PIN2 may be responsible for increased auxin levels in these cells (Fig. 5) . On the other hand, 258 PIN2 distribution remained symmetrical up to 6 h of hypoxia (Fig. 8D) (Licausi et al., 2011; Kosmacz et al., 2015) . Slanting primary roots rapidly resumed gravitropic growth when seedlings were 303 returned to normoxic conditions indicating that the gravisensing mechanism was intact. basipetal auxin transport and thereby contribute to the increased auxin activity that we observed at the 367 root tip with the DR5:GUS and DII-VENUS reporters in response to hypoxia. Elevated auxin activity at 368 the root tip has been observed in the pin2 mutant (Boonsirichai et al., 2003) . Unlike other pin mutants 369 which do not have an altered root gravitropic response the pin2 mutant shows weakly agravitropic root 370 growth (Müller et al., 1998 ) that was also observed in this study. Hypoxia did not further increase the 371 angle of agravitropic growth of the pin2-1 mutant. Hypoxia and α-NAA promoted root bending in a non-372 additive manner in wild type but, again, did not enhance root slanting of pin2-1 seedlings. All other PIN 373 mutants, pin1-1, pin3-4, and pin4-2, showed a wild-type root growth phenotype in response to 374 hypoxia. These data indicate that PIN2 acts epistatic to hypoxia. Leitner et al., 2012; Adamowska and Friml, 2015) . Reduced PIN2 levels in roots exposed to 382 hypoxia may indicate that hypoxia signaling targets the PIN2 protein degradation pathway. The theory proposed by Cholodny and Went states that organ bending is caused by 391 an auxin gradient across the organ. A difference in auxin levels across the root causes cells to 392 elongate at different rates and the root to bend. However, while we did observe an auxin 393 gradient we did not observe an asymmetric distribution of PIN2 protein using the 394 PIN2pro:PIN2-GFP reporter line. Since PIN2 distribution is highly dynamic it is conceivable 395 that polar PIN2 activity differentially changes at the two sides of the root in response to hypoxia and that we simply did not microscopically resolve this asymmetry. Alternatively, 397 there is no PIN2 asymmetry and the auxin gradient is formed independent of PIN2 398 distribution. is in the Enkheim background (Okada et al., 1991) . The T-DNA insertion lines hre1-1 (erf73-1) 421 and hre2-1 (erf71-1) were described previously (Hess et al., 2011) and were used to generate Table 1 Figure   439 S6) using the primers ForAT1G53910 and RevAT1G53910 (Supplemental Table 1 ).
440
The T-DNA insertion lines rap2.3-2 (WiscDsLox247E11) described by Marín-de la Rosa Table 1, At2G47520forRT,   484 At2G47520revRT, At2G47520forqPCR, At2G47520revqPCR primers for HRE2, Actin2F1, 485 Actin2R1 primers for Actin2) using M-MuLV reverse transcriptase (Fermentas). Homozygous 486 seeds were obtained after the T4 generation.
487
To generate HRE2:GUS lines, 728 bp 5' of the start codon of HRE2 were amplified 488 from genomic DNA with promoter-specific primers (Supplemental Table 1, erf71profor,   489 erf71prorev primers). The amplified promoter sequence was cloned into the pBGWFS7 490 destination vector (Karimi et al., 2002) , transformed into Agrobacterium followed by plant 491 transformation as described above. T1 seeds were screened for glufosinate resistance.
492
Homozygous seeds were obtained after the T4 generation. Actin2qR for ACTIN2, GAPC1qF and GAPC1qR primers for GAPC1 (Supplemental Table 1 Seedlings of wild type, the single gene knock-out lines rap2. 3-2, rap2.12-1, hre1-1, and hre2-610 1, the double knock-out line hre1-1 hre2-1 and the quintuple knock-out line erfVII were 611 exposed to hypoxic conditions as indicated in Fig. 2A Results are means (±SE) of 3 independent biological replicates with 2 technical repeats each 672 (one-way ANOVA with Tukey´s test, P<0.05).
673
B, Visualization of PIN2-GFP at the root tip of 6-d-old PIN2pro:PIN2-GFP seedlings that were 674 exposed to normoxia or hypoxia for 3 h, 5 h or 6 h in the dark. Scale bar= 100 µm. 
